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Abstract
Spin-transfer induced ultrafast precessional switching of magnetization in the Co/Cu/Co
nanopillar device is studied. Micromagnetic calculations show that, precessional magnetization
switching occurs above a threshold current. The presence of interface uniaxial anisotropy in the
Co-thin film free layer, influences heavily the current and energy required to initiate the switch-
ing in the device, and the speed of the precessional switching. The threshold current and the
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Magnetization switching plays an important role in data writing technology in which the
switching time is shorter for better writing process. The switching process is contributed by
different magnetic interactions at different time scales1,2. For example, in the long time scale of
100 ps to 10 ns, magnetic dipole-dipole, Zeeman and spin-lattice interactions are the major driving
forces. In a time scale from 1 ps to 100 ps, electron-phonon and phonon-phonon interactions
prevail. In the time scale from 1 fs to 1 ps, the effect of electron-electron, spin-orbit and electron-
spin interactions dominate in the magnetization switching. Therefore, it has become increasingly
important to understand how the magnetization switching time can be reduced with the help
of different magnetic interactions in a ferromagnetic medium. The easiest way to switch the
magnetization is to use an externally applied magnetic field and damping3–5. As an alternate
to this field induced switching, recently, spin-polarized current induced magnetization switching,
which is based on spin transfer torque in nanoscale magnetic elements, has been the subject
of intense research both experimentally and theoretically6–9 because it drastically reduces the
switching time10–12. Therefore, spin transfer induced switching has important advantages over
field induced switching. It is remarkably efficient in influencing the switching of magnetization,
which is likely to form the basis, for a new generation of magnetic information storage devices.
In the mechanism of spin transfer torque, the spin current flowing through a nanomagnetic
element switches its magnetization by a mechanism of spin transfer. This phenomenon was
theoretically suggested by Slonczweski13 and also by Berger14. The spin transfer devices consist
of magnetic-metallic multilayer nanopillars with at least two magnetic layers separated by a
nonmagnetic metal with the current flowing normal to the plane of the layers6,7. Among the
two ferromagnetic layers, one magnetic layer is thick and has pinned magnetization. The second
magnetic layer is thin (less than 10nm) and free. The magnetization of this thin free layer can be
switched using spin current. Among the devices, Co/Cu/Co nanopillar requires less current for
switching, and the switching is faster. In a Co/Cu/Co nanopillar, the thinner layer is excited at
a positive value of spin polarized current, which is less than 50 mA15. Micromagnetic simulations
show that, current induced switching by spin transfer torque occurs faster than 50 picoseconds
in this case, when the current pulse is above the critical value of 1.9 mA16.
Anisotropy is an important character that contributes to the switching of magnetization in
ferromagnetic thin films. Shape and magnetic crystalline effects are the two common types of
anisotropies that enhance the switching speed in ultra thin films. There exists one more useful
anisotropy in magnetic systems, known as magnetic surface/interface anisotropy, which was in-
dentified by Neel17. This occurs whenever symmetry is reduced or broken in the surface/interface,
which significantly opposes the demagnetization, and hence is expected to change the switching
character of thin film. This surface/interface anisotropy, which favours perpendicular magnetiza-
tion, is more dominant when the thin film measures less than 10 nm. Very recently, the present
authors, through analytical and numerical solutions of the Landau-Lifshitz equation showed that
















FIG. 1: A sketch representing the geometry of Co/Cu/Co nanopillar with a current source. mp and
mf represent the magnetization of the pinned and free layers in the xy-plane respectively. The vertical
and horizontal arrows in the device represent the direction of magnetization in the pinned and free layer
respectively.
thin film, above a critical magnetic filed of 3.975 KA/m18. In this paper, we present the results of
the rigorous analysis of spin transfer induced precessional switching in a Co-Cu-Co nanopillar, by
solving the Landau-Lifshitz-Gilbert (LLG) equation, that governs the magnetization dynamics of
the free layer of the pillar. Analytic solution of the Landau-Lifshitz equation in the static limit
leads to an explicit formula for the critical current above which switching occurs. The precessional
switching time for different currents is calculated by numerically integrating the LLG equation.
The interface anisotropy significantly reduces the minimum current required(threshold/critical)
for switching the magnetization of the free layer.
The geometry of the nanopillar device, we consider here, consists of two ferromagnetic(Co)
layers, separated by a nonmagnetic metal(Cu) as shown in FIG 1. Among the two ferromagnetic
layers, one layer is thick and has a fixed magnetization (mp) which is aligned normal to the plane
of the layer. Since, we study magnetization dynamics of the free layer, the magnetization of
the thick layer is pinned or exchange coupled to an antiferromagnetic. The thin ferromagnetic
layer, which is the free layer, is uniformly magnetized with in-plane magnetization (mf ). The
free layer is assumed to be a single magnetic domain of 3 nm thickness, with lateral dimension
30 x 60 nm2. In the device, the current passes normal to the plane of the multilayer nanopillar.
A spin polarized current, which is associated with the pinned layer, can reverse the direction of
magnetization of the free layer. The purpose of the pinned layer in the device is to control the
polarization of the electron spins, which travel across the trilayer from the pinned to the free
layer.
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= − γ(mf × Heff ) + α[mf × (mf × Heff )]
+ γaj [mf × (mf × mp)]. (1)






fez, with, ex, ey and ez, the unit vectors along x, y and z-directions
represent the magnetization vector of the free layer and m2f = 1. mp is the unit magnetization
vector whose direction is along the magnetization of the pinned layer. In Eq.(1), γ is the gyro-
magnetic ratio, and Heff represents the effective field due to different magnetic contributions,
given by Heff = Hshape + Hani + HI + HE . In the above effective field, Hshape represents







fez, Dx = −4πNx, Dy = −4πNy, Dz = −4πNz, where
Nx, Ny, NZ are the demagnetization factors along x, y and z-directions. The free layer Co-film
is parallel to the xy-plane and hence Nx = Ny = 0 and Nz = 1. It is having an in-plane mag-
netocrystalline anisotropy, with the easy axis of magnetization along x-direction, and the field





, where Kc is the uniaxial magnetocrys-
talline anisotropy constant, and ms is the saturation magnetization of the free layer. HE = Heey
is the field corresponding to Zeeman energy, which is taken to be zero in future, while solv-
ing Eq. (1) numerically to calculate the switching time. Unlike magnetocrystalline anisotropy,
the surface/interface anisotropy reacts more sensitively to changes in the chemical state of the
surface/interface of the film, than the magnetic moment19. The field due to this anisotropy is





, where KI is the interface uniaxial anisotropy constant,
d is the thickness of the free Co-layer and ez is the unit vector normal to the film. Thus, the
first term in the right-hand side of Eq.(1) leads to precession of magnetization of the free layer,
about the effective field. This term conserves the magnetic energy and determines the preces-
sional frequency. The second term corresponds to damping of the magnetization, which dissipates
the energy during dynamics, and α is the Gilbert damping parameter. The last term in Eq.(1)
takes into account the spin transfer torque which can either amplify or damp the motion. The
coefficient aj in the spin-torque term is given by aj =
pIh
2πaemsd
. Here, p represents the polarization
factor, I is the current from the external source, h is the Planck’s constant, a is the area of the
free layer and e is the electronic charge. The spin transfer torque on the magnetization of the free





is normal to the direction of magnetization of the free layer. It leads to a large demagnetization
field, perpendicular to the plane of the free layer, which makes the magnetization of the free
layer to precess about a direction normal to the plane of it. The spin transfer torque induces
reversal of magnetization, and the switching speed is determined by the precessional frequency
of the magnetization. As switching is induced by spin polarized current here, there is no need to
apply any magnetic field from outside, for this purpose and hence “He” is assumed as zero in the
4
































FIG. 2: Variation of the critical current Ic (a) against the in-plane magnetocrystalline anisotropy Ha
(when HI = 0) and (b) against the interface uniaxial anisotropy HI (when Ha 6= 0). In both figures, the
values of the critical current, corresponding to the experimentally measured constants of Ha and HI for
Co are marked.
following discussions.
We consider a current that enters the nanopillar device in the z-direction, and flows normal to
the plane of the layers. We assign a positive value to the parameter aj in Eq.(1), for the current
flowing from the pinned layer to the free layer. In the calculations, current induced magnetic
field is neglected. When electrons flow from one layer to another, the angular momentum of
each electron rotates which is the source of spin-transfer torque. This torque forces the free layer
magnetization to rotate out of the film plane. This produces a demagnetization field mainly
orthogonal to the film plane, about which the magnetization precesses. When the free layer
magnetization reaches the desired state, i.e., back into the film plane, the current is switched off
precisely. The effect of spin-transfer torque on switching, can be felt only above a threshold value
of the current from the source, which has also been observed experimentally20. The threshold
or critical value of the current can be computed by finding the time-independent solution of the
LLG equation (1). As there will be only a small variation in the critical value with the damping
coefficient, we compute it in the case α = 0 [12]. We use them later as initial conditions, for
computing the value of the threshold current. When α = 0, the static limit of Eq.(1) in the
component form is written as











2) = 0, (2)



















f = 0. (4)
where HA = HI − Ha and DA = (Dy − Dx − Ha). The time-independent solution m
z
f can be
computed, after eliminating the x-component solution mxf , from Eqs.(3) and (4). Thus, we get
mzf =
Heaj






























space. The following parameters16,22 are used here. p=0.4, α = 0.01, h̄ = 1.0551 × 10−34Js, ms =
1.449 × 106A/m, Kc = 7 × 10
4J/m3, KI = 0.53 × 10
−3J/m2, Nx = Ny = 0 and Nz = 1.0. The
magnetization initially moves out of the plane, rotates and then reverses.




(Dx − Dz − HA)He
[DA(Dz − Dx + HA) + a2j ]
. (6)
The stationary value of the x-component of magnetization, mxf can be computed, by using the
above values for myf and m
z
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The threshold current for precessional reversal of magnetization can be computed, by using
the values of magnetization components given in Eqs.(5-7) as initial conditions. For this, the
magnetization of the free layer is set initially along the direction of the easy axis of magnetization,
i.e. parallel to ex, by choosing mf (t=0)=(1,0,0). Therefore, in order that the above initial
conditions for magnetization of the free layer, given in Eqs.(5-7) are satisfied, we have the following
two different cases.
Case(i): a2j < [DA(Dz − Dx + HA)]; a
2
j > [DA(Dz − Dx + HA)]:
Under these conditions, the solution mxf is strictly positive and therefore m
x
f does not vanish
during the motion. This implies that mxf has constant sign and hence no switching can occur.
Case(ii): [a2j + DA(Dz − Dx + HA)] = 0:
In this case, during motion, the solution mxf does vanish and hence switching can occur.
The threshold or critical current Ic, for switching can be explicitly calculated from the above
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condition, by finding the value of aj. For the desired values of the demagnetization factors,
Nx = Ny = 0, Nz = 1, which give Dx = Dy = 0 and Dz = −4π, we obtain the following
expression for a2j .
a2j = Ha(HI − Ha − 4π). (8)
By substituting the expression for aj(aj =
pIh
2πaemsd
) found earlier, in Eq.(8), we get the following






[Ha(HI − Ha − 4π)]
1
2 . (9)
In the above expression, one can notice the dependence of the critical current on the in-plane
magnetic anisotropy, and the perpendicular interface uniaxial anisotropy of the free layer. The
critical current Ic goes to zero, when the magnetocrystalline anisotropy of the free layer is absent,
i.e. when Ha=0. This result is in agreement with the phase diagram obtained by Bazaliy et al
21 in
the case of a free layer with easy plane anisotropy. When there is magnetocrystalline anisotropy
in the film, i.e., when Ha 6= 0, the critical switching current reduces for a decrease in volume or
magnetization of the free layer and for an increase in the current spin polarization. When there
is interface uniaxial anisotropy present in the free layer, i.e., when HI 6= 0, the critical current
for precessional switching reduces. FIGs. 2(a) and 2(b) show the variation of the critical current
with the magnetocrystalline anisotropy (in the absence of interface anisotropy) and interface
anisotropy (when the magnetocyrstalline anisotropy is also present) coefficients, respectively. We
compute the explicit value of the critical current required for switching from Eq.(9), using the
following experimentally determined parameter values: Ha= -7.69 A/m(≈ 0.096 T), HI=19.40
A/m (≈ 0.244 T). For the above set of parameter values, the value of critical current is computed
as 0.423 mA. When the interface uniaxial anisotropy is absent in the free layer, i.e. when HI = 0,
the value of the critical current computed increases to Ic=1.89 mA. This value agrees with the
value obtained through numerical integration of Eq.(1) (see FIG. 3 of ref.16). The values of the
critical current, marked against the experimentally measured anisotropic constants in FIGs. 2(a)
and 2(b), match with the above values of the critical current computed. The value of the critical
current decreases steadily, when the interface anisotropy constant increases (see FIG. 2(b)). This
is in contrast to the case of in-plane magnetocrystalline anisotropy, where the critical current
increases fast, when the crystalline anisotropy constant increases (see FIG. 2(a)). The above
data on critical current tells that, when there is interface uniaxial anisotropy in the free layer
of the nanopillar device, the minimum current required for inducing precessional switching is
negligibly small. This is because the magnetization, due to this effect, is normal to the plane of
the free layer, and hence adds to the demagnetization field, which is also perpendicular to the
film plane, about which the magnetization precesses.
To determine the response of the magnetization of the free layer mf to the current, and
the impact of the interface anisotropy on the threshold current and on the precessional switching
7











































FIG. 4: (a) A plot of switching time vs current when the free layer has interface anisotropy. The switching
time decreases steadily, when the current is increased. The value of the critical current is found as Ic=0.45
mA. (b) A plot of switching time vs current when interface anisotropy is absent in the free layer. The
value of the critical current is Ic = 1.85 mA. The critical current reduces from 1.85 mA to 0.45 mA when
there is interface anisotropy in the film.
time, we numerically integrate Eq.(1), after writing it in the component form and by iterating it
forward in time, using the Runge-Kutta (R-K) procedure. A Co/Cu/Co nanopillar with similar
geometry, however, with a free layer having no interface anisotropy, shows a reversal time of 50 ps
for a current spin polarization of p = 0.4 and when a pulse current of I=5.0 mA is applied to the
device16. For our numerical experiment, to determine the magnetization trajectories, we also first
apply a current of I=5.0 mA, which is well above the threshold current of Ic=0.423 mA, which
was analytically calculated earlier. By setting the magnetization of the free layer, initially along
the positive x-direction, we assume the initial condition as mf=(1,0,0), and choose the following
set of values of parameters16,22: p=0.4, α = 0.01, h̄ = 1.0551 × 10−34Js, ms = 1.449 × 10
6A/m,
Kc = 7 × 10
4J/m3, KI = 0.53 × 10
−3J/m2. The data obtained from numerical integration
for the magnetization components are plotted in FIG 3. The magnetization trajectory in the
figure shows current induced magnetization switching as explained below. When the current is
switched on, charged electrons flow through the pinned layer, which allows only those electrons
whose spins are parallel to the magnetization of the layer, and rejects all antiparallel spins. The
spin polarized current that passes through the nonmagnetic conductor(Cu), produces a torque
with the magnetization of the free layer, which forces the free layer magnetization to be out-of-
plane. This generates a demagnetization field that is normal to the film plane, which adds to
the field due to interface anisotropy which is already normal to the plane of the free layer. The
magnetization of the free layer precesses about this new field. When the magnetization precesses
from its initial orientation to the reversed direction, the current is switched off. The trajectory in
FIG.3 represents that, the magnetization initially moves out of the plane of the thin film, which
8
generates a demagnetization field about which the magnetization rotates and then reverses.
The value of the critical current calculated analytically earlier is confirmed from the data of
the numerical integration of Eq.(1), by plotting the switching time against the current in FIG
4. The plot in the figure shows a threshold current value of 0.45 mA for the switching to occur
which is very close to our analytically determined value of 0.423 mA. When the thin layer is free
from interface anisotropy, the device needs more current to initiate switching. This is evident
from the insert FIG 4(b), which is plotted using the data from numerical integration of Eq.(1)
by assuming HI = 0. The threshold current in this case is found as 1.89 mA, which is very
close to our analytical result of 1.9 mA, and that of the numerical result obtained by Kent et
al16 (1.9 mA). The plots show that, the switching time decreases significantly, when the applied
current crosses the critical value. The reason for the rapid switching above the critical value of
the current is that, the torque due to spin-current and interface anisotropy essentially amplify
the precessional motion of the magnetization. The marked difference in the threshold current
suggests that, a free layer with interface anisotropy is preferred in devices which should be more
energy efficient.
The switching time decreases significantly for currents above the critical value (FIGs.4(a)
and 4(b)). However, experimental results indicate that when the current is beyond 30 mA, the
switching becomes hysteric8. When the current is below this and above the critical value, the
switching occurs through coherent rotation of magnetization. This is evident from the plots in
FIG. 5 (a), where the magnetization mxf is plotted against the switching time, for different values
of the current, namely I= 15 mA, 20 mA, 25 mA and 30 mA in steps of 5 mA. When the applied
current is increased from 15 mA to 30 mA, the switching time decreases fast from 4.5 ps to 2.5
ps. The plots further show that the switching time is significantly large, when the current is low
and approaches the critical value. For example, when I=5 mA the switching time is 15 ps. The
switching curve for this current is highlighted in the insert Figure (b). For the same current, when
the free layer does not have interface anisotropy, the switching time, in the case of a Co/Cu/Co
nanopillar with similar geometry and parameter values is numerically calculated as 50 ps16, which
is presented here for comparision. Note that the interface anisotropy reduces the switching time
considerably and in this case forms 50 ps to 15 ps.
It may be noted that current induced switching through spin transfer torque is advantageous
over field induced switching. When a magnetic field of 10 kA/m is applied to a ferromagnetic
permalloy nanofilm, with in-plane magnetocrystalline anisotropy and magnetic surface anisotropy,
the switching time has been calculated as 125 ps18. This was obtained by solving numerically,
the Landau-Lifshitz equation with the field corresponding to Zeeman energy in place of the
spin transfer torque, and the corresponding switching curve is highlighted in the insert Figure
(c), for a comparison with the case of current induced switching. In the case of field induced
switching also the magnetic surface anisotropy in a permalloy film reduces the switching time
from 325 ps to 125 ps4,18.
9





























































FIG. 5: (a) Current induced switching curves as a plot of magnetization vs switching time for different
currents above the critical value but below the hysteric limit. The strength of the current is varied from
15 mA to 30 mA in steps of 5 mA. The switching occurs through coherent rotation of magnetization. (b)
Current induced switching curve for a current of I= 5 mA. The switching time is 0.15 ps. (c) Field induced
switching curve in the case of a permalloy thin film with magnetic surface anisotropy, for an applied field
strength of 10 KA/m18, which is presented here for comparision. The switching time in this case is 125 ps.
Since, the interface anisotropy of the free layer decreases the threshold current required for
switching, the device is significantly more energy efficient. In a 10 Ω device, without interface
anisotropy, for a current value of I=5 mA, switching occurs in 50 ps and the energy required
to switch the device is 10−14 J16. Therefore, in a similar 10 Ω device with interface anisotropy
for the same current, as switching will occur in 15 ps, the energy required to switch the device
will be only 10−16 J. In conclusion, the field due to interface anisotropy adds to the field due
to spin transfer torque, in influencing the magnetization switching dynamics of the free layer,
in the nanopillar device. The presence of interface anisotropy in the ferromagnetic free layer
Co-film makes the nanopillar device more energy efficient, and the threshold current required
to initiate precessional switching decreases from 1.9 mA to 0.423 mA. Also, in the above device
with interface anisotropy, the energy required to switch the device is very low, and is 10−16J
only, which is few orders less than what is required in the case of the device without interface
anisotropy. More importantly, the interface anisotropy in ferromagnetic thin film reduces the
switching time significantly. In the present device (Co/Cu/Co nanopillar), when operated by a
current of 5 mA, the switching time reduces from 50 ps to 15 ps.
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